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Oscillations of the real component of AC conductivity σ1 in a magnetic field were measured in the
n-AlGaAs/GaAs structure with a wide (75 nm) quantum well by contactless acoustic methods at
T=(20-500) mK. In a wide quantum well, the electronic band structure is associated with the two-
subband electron spectrum, namely the symmetric (S) and antisymmetric (AS) subbands formed
due to electrostatic repulsion of electrons. A change of the oscillations amplitude in tilted magnetic
field observed in the experiments occurs due to crossings of Landau levels of different subbands
(S and AS) at the Fermi level. The theory developed in this work shows that these crossings are
caused by the difference in the cyclotron energies in the S and AS subbands induced by the in-plane
magnetic field.
I. INTRODUCTION
Transport investigations of two-dimensional (2D) high-
mobility structures demonstrate a variety of effects tak-
ing place in different ranges of magnetic fields and tem-
peratures. In moderate fields, the Shubnikov-de Haas
oscillations are observed, while in stronger fields, the in-
teger and fractional quantum Hall effects occur [1]. In
some systems the Wigner crystal is formed [1]. The
most interesting results are mainly obtained on n-type
GaAs/AlGaAs structures due to high mobility of carri-
ers of up to ∼ 107 cm2/(Vs).
Since the general description of the phenomena ob-
served in 2D systems in high magnetic fields is well de-
veloped, the interest is now shifting to more exotic sys-
tems and situations. At large half-integer filling factors
ν > 5/2 and low temperatures T < 150 mK the forma-
tion of the stripe phases due to strong electron-electron
interaction has been predicted [2–4]. This phase is char-
acterized by a strong anisotropy of longitudinal conduc-
tivity σxx, and the stripe formation explains the oscilla-
tions in ultra high-mobility heterojunctions [5]. Recently
it has been demonstrated experimentally that the stripes
can be re-oriented by the in-plane component of a mag-
netic field, i.e., in a tilted magnetic field [6].
The conductivity in tilted magnetic fields is rather
non-trivial in 2D structures with a wide quantum well
(WQW). In such systems electrons are localized near
the interfaces due to electrostatic repulsion. As a re-
sult, a formed two-layer system is similar to a pair of
quantum wells. Due to an inter-layer tunneling the elec-
tronic energy structure consists of two subbands, the
symmetric (S) and antisymmetric (AS), separated by an
energy gap ∆SAS [7]. In low magnetic fields conductiv-
ity oscillations caused by elastic scattering between the
S and AS subbands were observed which are different
from the Shubnikov-de Haas oscillations [8]. The pres-
ence of two conductivity channels in WQWs results in
conductivity magnetooscillations corresponding to filling
factors ν with even denominators. At small filling factors
ν = 1/2, 3/2 the fractional quantum Hall effect has been
observed in some WQWs. A phase diagram has been
constructed demonstrating conditions of stable observa-
tion of the fractional quantum Hall effect at ν = 1/2 at
various electron densities, quantum well widths, and val-
ues of ∆SAS, see Ref. [9] and references therein. Also a
gas of composite fermions has been observed in WQWs
and investigated in detail, see, e.g., Ref. [10].
The conductivity magnetooscillations can be strongly
affected by the in-plane field component. For example,
in systems with one 2D subband, the Landau level cross-
ing in tilted magnetic fields occurs because the orbital
splitting is determined by the perpendicular field compo-
nent, while the spin splitting is given by the total mag-
netic field. It results in crossing of opposite-spin sublevels
pertaining to different Landau levels. This crossing al-
lows determining of the g-factor from the magnetocon-
ductivity measurements by a method proposed long time
ago [11] and widely used up to nowadays. The situation is
much richer in systems with two electronic subbands, in
particular in WQWs, due to a presence of the ∆SAS gap.
It has been pointed out in Refs. [12, 13] that the cross-
ing of Landau levels from different subbands (S and AS)
can occur in this case in a tilted field, since the value of
∆SAS can depend on the in-plane field component. Cal-
culations of the energy spectrum in parallel field B‖ show
that the gap ∆SAS increases at small B‖ while in stronger
fields B‖ > 2 T, the inter-layer coupling is suppressed,
and ∆SAS → 0 [14]. This result demonstrates a great po-
tential of experiments on high-mobility WQWs in tilted
magnetic fields.
There are interesting studies of conductivity in bilayer
systems in tilted magnetic fields. Such works were made
on double quantum well systems (Refs. [15–20]) as well as
on a WQW [14, 21–23]. The magnetoresistance studies
in most of these papers were carried out in moderate
magnetic fields where SdH and intersubband oscillations
coexist and produce a beating pattern. By contrast, in
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2the system under present study ∆SAS = 0.42 meV is very
small and therefore intersubband scattering affects the
conductivity only in small magnetic fields B < 0.3 T [8].
In this study we analyze results obtained in higher fields
0.5 T< B⊥ < 1.5 T, i.e., in the range where no beatings
were observed.
We show that in a tilted field minima of these oscilla-
tions are converted to maxima due to B‖ induced cross-
ings of the Landau levels caused by the complicated en-
ergy scheme of WQWs. We developed a theory demon-
strating that the crossings are caused by the effect of
the parallel field on the cyclotron energies in S and AS
subbands.
II. EXPERIMENT
We studied a multilayered n-GaAlAs/GaAs/GaAlAs
structure with a 75 nm wide GaAs quantum well. The
WQW was δ-doped on both sides and located at the
depth ≈ 197 nm below the surface of the sample. By il-
luminating the sample with infrared light of an emitting
diode when cooling the heterostructure down to 15 K we
achieved the electron mobility µ = 2.2 × 107 cm2/(Vs)
and density ne = 3× 1011 cm−2 (at T = 0.3 K). In the
absence of a magnetic field the S-AS energy splitting in
this structure was ∆SAS = 0.42 meV [8].
In our contactless acoustic experiments a surface
acoustic wave (SAW) propagates along a surface of a
piezoelectric crystal LiNbO3 while the sample is slightly
pressed onto this surface on which interdigital transduc-
ers are deposited to generate and detect the wave. An ac
electric field accompanying the SAW penetrates into the
2D channel located in the semiconductor structure. The
field produces electrical currents which, in turn, cause
Joule losses. As a result of the interaction of the SAW
electric field with charge carriers in the quantum well
the SAW attenuation Γ and its velocity shift ∆v/v are
governed by the complex high-frequency conductance,
σAC = σ1(ω)−iσ2(ω). The SAW technique has shown to
be a very efficient tool as it allows studying both real σ1
and imaginary σ2 components of the high-frequency con-
ductance without any needs for electrical contacts [24].
The measurements in a magnetic field perpendicular to
the sample plane were carried out in a dilution refrigera-
tor. Dependences of the absorption coefficient Γ and the
velocity change ∆v/v on the magnetic field at B ≤ 18 T
were measured in the temperature interval 20-500 mK.
The SAW frequency was changed from 28 to 307 MHz.
The ac conductivity σAC was deduced with help of the
expressions published in Ref. [24]. The measurements
in tilted magnetic fields were done at SAW frequency of
30 MHz, in the same magnetic field range of 18 T, and
at the temperature 0.3 K in a 3He cryostat. Samples
were mounted on a one-axis rotator, which enabled us
to change the angle between the normal to the structure
and the magnetic field. In the present work, we analyzed
dependences of the real component of the conductivity
σ1  σ2 (in this case σ1 ∼= σDC) on the magnetic field.
Figure 1 shows the dependence of the real component of
the conductivity σ1 on the perpendicular magnetic field
at T = 20 mK. In high magnetic fields conductivity os-
cillations corresponding to the fractional quantum Hall
effect are observed at ne = 3 × 1011 cm−2. In this arti-
cle we report on our studies of oscillations in the range
B⊥ = 0.5 . . . 1.5 T. Dependence σ1(B) in this field do-
main at T = 310 mK is illustrated in the inset to Fig. 1.
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FIG. 1. Dependence of the real part of the ac conductivity
σ1 on magnetic field B⊥ at T = 20 mK. SAW frequency
f = 30 MHz. Inset: σ1 in the range B⊥ = 0.5 . . . 1.5 T at
T = 310 mK.
In the double-layer structure formed in WQWs the to-
tal electron density is usually determined from the posi-
tion of the minimum (maximum in the case of ν=1/2) of
the FQHE resistance (conductivity) oscillations in strong
magnetic fields, and the difference of the charge density in
the layers is derived using Fourier analysis of magnetore-
sistance in fields B < 0.4−0.5 T. However, in the case of
our multilayer sample Fig. 1 requires a special discussion.
The oscillations pattern near B =12.35 T looks the same
as usual for ν=1/2, which corresponds to concentration
ne ∼ 1.5 × 1011 cm−2. At the same time analysis of os-
cillations in the field B <3 T gives ne ∼ 2.7×1011 cm−2.
We believe that in large magnetic fields, the layers in our
wide quantum well are practically independent (due to
small ∆SAS=0.42 meV), and the conductivities from dif-
ferent layers with almost the same concentration are sim-
ply added. The appearance of oscillations at B =12.35 T
corresponds to ν = 1/2 for each layer with a concentra-
tion ∼ 1.5 × 1011 cm−2. One needs to draw the atten-
tion that determination of the electron density from the
oscillation position in a magnetic field gives different val-
ues for low and high fields [25]. In the present work at
B >4 T ne = 3 × 1011 cm−2, while in the region under
this study B <2 T ne = 2.7 × 1011 cm−2. The latter
value of the total concentration of electrons is yielded
also from both Fourier analysis and the dependence of
3ρxy at classically strong fields B <1 T.
In order to understand the nature of the oscillations
we consider a fan of Landau levels for the two-subband
system under study. Figure 2(a) represents the Landau
level fan diagram for our two subbands with spin split-
ting (g=12). Indices N in Fig. 2(a) represent Landau
levels counted for each subband independently, while fill-
ing factor ν is equal to total amount of Landau levels
located below the Fermi level. Symmetric (red lines) and
antisymmetric (blue lines) are the Landau levels with
the gap ∆SAS = 0.42 meV reported for this sample in
Ref. [8]. The Fermi energy EF = 5 meV (at B=0) corre-
sponds to the total concentration ne = 2.7×1011 cm−2 in
the two-subband balanced system. The positions of size-
quantized levels and the Fermi level in the 75 nm-wide
quantum well are presented in Fig. 2(b). The energies
are found by solving the coupled Schro¨dinger and Pois-
son equations at T=0 in the effective mass method with
the following parameters: the barrier height 370 meV and
the electron effective mass m = 0.067m0. It is clear from
Fig. 2(b) that two levels of size quantization are occupied
at 5× 1010 < ne < 4× 1011 cm−2.
Our analysis (not presented here) demonstrates that
in the minima shown in Fig. 1 conductivity has an ac-
tivation character. We compared the positions of the
conductivity minima with the Fig. 2 fan diagram and
found that these minima are related to the charge car-
rier transitions between different spin-split subbands S
and AS. Therefore, the activation energies for different
ν are determined by steps in the Fermi energy depen-
dence on magnetic field. In Fig. 2(a) vertical lines in
the Fermi energy dependence represent these steps and
are drawn at the magnetic field values, where oscillation
minima were observed. It follows from Fig. 2(a) that
there are four types of oscillation minima at B‖=0 asso-
ciated with transitions between subbands. One of them
are determined by the activation energy equal to the dif-
ference ESN+1,↑ − EASN,↓ (ν= 8, 12, 16, 20) and the rest
demonstrates other possible transitions between AS and
S related levels: ESN,↓−EASN,↑ (ν=10, 14, 18), EASN,↓−ESN,↓
(ν=11, 15), and EASN,↑ − ESN,↑ (ν=9, 13).
The oscillation pattern in the WQW is even more in-
triguing in tilted magnetic fields. The results of corre-
sponding measurements are presented in Fig. 3. This fig-
ure shows that at some tilt angles of the magnetic field
the minima of the conductivity oscillations are changed
to maxima. The experimental results presented in Fig. 3
were obtained at the in-plane component of the magnetic
field B‖ oriented along the SAW propagation direction.
We also performed experiments in another configuration
and observed that the minima of conductivity oscillations
transformed to maxima at the same angles when B‖ was
oriented perpendicular to the SAW wave vector.
As mentioned above, the temperature dependence of
the conductivity in minima has the activation charac-
ter. Thus, the conductivity σ ∝ exp [−∆a/(2kBT )], and
the conductivity minima transforms into maxima when
∆a → 0, i.e., at crossings of Landau levels. The nature of
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FIG. 2. (a) Dependences of the energies of the spin split
(g=12) Landau levels in the WQW on magnetic field B (bot-
tom) and filling factors ν (top) with the tunneling splitting
∆SAS = 0.42 meV at B‖=0. The Landau levels of the
lower (S) and higher (AS) subbands are shown by red and
blue colors, respectively. Black dash-dot line is the Fermi
level at B = 0 corresponding to the total electron density
ne = 2.7×1011 cm−2. The black solid line is the Fermi energy
dependence on B. (b) Dependencies of the size-quantization
levels from E2 to E4 and the Fermi level EF position on the
electron density in the 75 nm WQW. All energies are counted
from the ground level E1. Vertical dotted lines indicate the
values of density where filling of the next size-quantized levels
starts.
these crossings in the two-subband system under study
is discussed in the next section.
III. THEORY
There is a big theoretical activity devoted to study of
bilayer systems including WQWs in the presence of tilted
magnetic field [17, 20, 21, 26]. Most of these works are
aimed at numerical calculation of Landau levels and their
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FIG. 3. Dependence of the conductivity σ1 on the normal
component B⊥ at different angles of the magnetic field tilt at
T = 310 mK, f = 30 MHz. The numbers below the minima
denote the numbers of filled Landau levels under the Fermi
level, ν. Traces are offset for clarity.
change by the in-plane field component. By contrast, we
perform semiclassical analysis and derive analytical ex-
pressions for the change of the electron effective mass by
the in-plane magnetic field component. We show below
that these expressions are appropriate for description of
our experimental data. Besides, due to weak coupling
of the layers in the studied structure, the effect of the
in-plane field on the S-AS tunneling splitting important
in previous studies does not play a big role in our anal-
ysis. Instead, the crossing of the Landau levels is due
to a change of the energy dispersion rather than due to
modification of tunneling.
The Hamiltonian of a doped WQW in a parallel mag-
netic field is given by
H = − ~
2
2m
d2
dz2
+
1
2m
(
p− e
c
A
)2
+ eφ(z). (1)
Here z is the axis normal to the WQW, p is the in-plane
electron momentum, A = z(By,−Bx, 0) is the vector po-
tential of the magnetic field, and φ(z) is the electrostatic
potential.
We performed self-consistent calculations of the elec-
trostatic potential and electron wavefunctions. First,
the wave functions are calculated in the tight-binding
approach [27]. Then, the electron wave functions are
used to calculate the electron density distribution in the
quantum well as explained in Refs. [8, 28]. The value
of the total electron density extracted from our experi-
ment is ne = 2.7× 1011cm−2. The electrostatic poten-
tial φ(z) corresponding to the charged QW is found
from the numerical solution of the Poisson equation at
zero in-plane momentum p = 0. We account for the
in-plane magnetic field B‖ through the effective poten-
tial φB = e(B‖z/c)2/2m, see Eq. 1. We add the term
eφ(z) + eφB to the structure potential and compute the
next approximation for the electron wave functions of the
levels in the WQW. The procedure is repeated until the
self-consistency of the electron wave functions and elec-
trostatic potential is reached. In accordance with previ-
ous studies [7, 8] we obtained that the carriers are located
near the WQW edges in the narrow layers separated by
a distance d = 56 nm. At B‖ = 0 ∆SAS = 0.42 meV,
and the in-plane magnetic field changes this value due
to the diamagnetic term eφB . We discuss this depen-
dence in the next section. Here we note that ∆SAS has
weak dependence on B‖ increasing by just about 40% at
B‖=2 T.
d
d tan θ
B||
d tan θ
FIG. 4. Scheme of cyclotron trajectories in WQW represent-
ing a two-layer system with the interlayer separation d. Green
dashed lines show the tunneling processes. Due to the sepa-
ration of the cyclotron orbit centers in the layers, the outer
(red) trajectory has a larger cyclotron period than the inner
(blue) trajectory.
Not taking into account ∆SAS, we consider the states in
the left (L) and right (R) layers separately assuming the
layers’ width to be infinitely small. Then, in the presence
of the in-plane magnetic field B‖, the energy dispersions
5of the L and R states are anisotropic:
EL,R(p) =
p2
2m
+
1
2m
(
eB‖d
2c
)2
± ed
2mc
(B‖ × p)z, (2)
Here the second term is the diamagnetic shift equal for
both states, and the separation of the subbands’ min-
ima in the momentum space, ∆p = eB‖d/c, is given
by the last term. In a tilted magnetic field this separa-
tion results in the difference of centers of cyclotron circles
∆r = d B‖/B⊥, Fig. 4.
Now we take into account that, due to tunneling, the
carrier trajectories are not just two shifted circles but are
more complicated ones. This fact results in a difference
of the cyclotron energies. Indeed, the cyclotron period T
in the perpendicular field B⊥ is related to the area in the
momentum space bounded by the trajectory, A, by
T =
c
|eB⊥|
∂A
∂E
, A =
∮
dϕ
p2(ϕ)
2
, (3)
where E is the carrier energy and ϕ is an angle between
p and B‖. The electron momentum absolute values at a
fixed energy E for 0 < ϕ ≤ pi/2 are found from Eq. 2
pL,R(ϕ,E) =
∣∣∣∣∣∣eB‖d2c sinϕ±
√
2mE −
(
eB‖d
2c
)2
cos2 ϕ
∣∣∣∣∣∣ ,
(4)
and the momenta at other values of ϕ are obtained from
this expression by appropriate rotations. With account
for tunneling the S and AS states are formed, and the
electron trajectories are different from simple circles [14,
16, 22]. The cyclotron orbits are shown schematically in
Fig. 4. With account for tunneling the electrons spend
by a half of their cyclotron periods in the left and right
layers. As a result, at |ϕ| < pi/2 p = pL(ϕ) in the S
subband and p = pR(ϕ) in the AS subband. Substitution
to Eq. 3 yields
AS,AS = 2
∫ pi/2
0
dϕp2L,R(ϕ), (5)
and for the cyclotron periods in the S and AS subbands:
TS,AS =
2pi
ωc,0
(1± b) , b = 2
pi
arcsin
(
eB‖d
2c
√
2mEF
)
.
(6)
Here ωc,0 = |eB⊥|/mc is the cyclotron frequency in the
absence of parallel field, and we took the electron energy
E equal to the Fermi energy EF assuming EF  ∆SAS.
As a result, we have different cyclotron frequencies in two
subbands:
ωS,ASc =
ωc,0
1± b . (7)
The cyclotron periods are different due to tunneling and
separation of the cyclotron trajectory centers.
We see that the cyclotron frequencies in the S and AS
subbands depend on the tilt angle θ via B‖ = B⊥ tan θ.
IV. DISCUSSION
Figure 5 shows the angular dependencies of the real
part of the conductivity on the tilt angle θ extracted from
Fig. 3 for various filling factors ν. The dependence σ1(θ)
at ν=12, 16, 20 shown in Fig. 5 (a) demonstrates that
the oscillation minima change by maxima at θ ≈ 7◦, 44◦
and 60◦. Figure 5 (c) shows that in the other series of
oscillations at ν=6, 10, 14, 18 the conductivity maxima
take place at the angles θ ≈ 34◦ and θ ≈ 54◦.
The maxima in the conductivity in the activation
regime are caused by intersection of some Landau lev-
els at the Fermi level. These levels correspond to S and
AS subbands and to opposite spin orientations. Energies
of the Nth level of the S subband with spin down (↓) and
N ′th level of the AS subband with spin up (↑) are given
by, [see Eq. 7]:
ESN,↓ =
~ωc,0(N + 1/2)
1 + b
− ∆SAS
2
− gµBB
2
,
EASN ′,↑ =
~ωc,0(N ′ + 1/2)
1− b +
∆SAS
2
+
gµBB
2
. (8)
Here g is the Lande´ factor, µB is the Bohr magneton,
and B is the total magnetic field.
Equation 8 demonstrates three reasons for reconstruc-
tion of the energy levels by parallel magnetic field. First,
the tunneling gap ∆SAS changes in the parallel field [14].
We have calculated the dependence of ∆SAS on B‖ as de-
scribed in the previous section of this paper. The results
of calculations are shown in the inset to Fig. 5 (d). We
see that the dependence of ∆SAS on the parallel field B‖
is weak, so that ∆SAS in the WQW under study is small
in the whole range 0 < B‖ < 2 T. Our analysis shows
that account for the dependence of ∆SAS on the parallel
field B‖ shifts the crossing points of the Landau level for
ν = 20 just by 0.2 meV which is 0.45 % only.
Then, the Zeeman terms in Eqs. 8 result in the depen-
dence of the Landau levels on the tilt angle at a fixed
perpendicular field via B = B⊥/ cos θ. However, for ex-
planation of the level crossings at experimentally found
angles one should take the values of g ∼ 30 . . . 40 which
are unrealistic.
Finally, we examined the dependences of the cyclotron
energies in the S and AS subbands on B‖. According to
Eq. 7 the cyclotron energy decreases/increases with θ in
the S/AS subband. It results in a dependence of the Lan-
dau level positions on θ via the factors b(θ), see Eqs. 8.
In Figs. 5 (b), (d) we plot the Landau level positions at
the filling factor ν = 16 and ν = 18, respectively, taking
the inter-layer separation in the WQW under study as
d = 56 nm [7, 8] and the Fermi energy in each subband
as EF = 5 meV. The values of θ corresponding to con-
ductivity maxima are shown in Fig. 5 by vertical lines.
We do not analyze the crossings at higher angles where
B‖ > 1.5 T because the developed theory does not de-
scribe this regime. The curves are plotted with account
of the Zeeman splitting with g <0.
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FIG. 5. (a),(c): The conductivity as a function of the magnetic field tilt angle measured at different ν, f = 30 MHz. ν are
the numbers of filled Landau levels under the Fermi level. (b),(d): Theoretical dependencies of energy of the spin split Landau
levels on the magnetic field tilt angle. The levels are calculated using Eqs. 8 with account of the broadening via Eqs. 9 for
subbands S (red) and AS (blue). The numbers before S(AS) denote LLs numbers. The black solid horizontal line indicates
the Fermi level EF at B=0. Arrows show the spin orientation. The vertical lines illustrate experimental positions of the LLs
crossings. Inset: The calculated dependence of ∆SAS on B‖.
Two series of the observed oscillations have max-
ima at different tilt angles. At θ = 0, the oscilla-
tions presented in Fig. 5 (a) are related to the acti-
vation gap ∆a = E
S
5,↑ − EAS4,↓ (ν=20), ∆a = ES4,↑ − EAS3,↓
(ν=16), ∆a = E
S
3,↑ − EAS2,↓ (ν=12). Figure 5 (b) shows
that (ν=16) broadened levels 3AS↓ and 4S↑ are getting
closer with tilting of the field, and at θ ≈ 10◦ they cross
at the Fermi level resulting in closing of the activation
gap and in rising of the conductivity from minimum to
maximum. With further increase of the tilt angle, the
energies of these levels diverge, and ∆a increases until
θ ≈ 22◦. At larger angles, the activation gap is formed
from the converging energy levels 4S↓ and 3AS↑. In turn,
these levels cross at θ ≈ 31◦, resulting in the next conduc-
tivity maximum. After the crossing they diverge as well,
and the next conductivity maximum occurs at θ ≈ 62◦
when 5S↓ crosses 2AS↑. Analogous analysis performed
for ν=20 and 12 demonstrate the same crossing angles.
The other series of oscillations presented in Fig. 5 (c)
has the conductivity maxima at the angles θ ≈ 34◦
and θ ≈ 54◦. At θ = 0 these oscillations are re-
lated to the activation gap ∆a = E
AS
4,↑ − ES4,↓ (ν=18),
∆a = E
AS
3,↑ − ES3,↓ (ν=14), ∆a = EAS2,↑ − ES2,↓ (ν=10),
and ∆a = E
AS
1,↑ − ES1,↓ (ν=6). However, Fig. 5 (d) , built
for ν=18, demonstrates that the broadened levels 4AS↑
and 4S↓ diverge with increase of the tilt angle. At θ > 15◦
the activation gap is formed by the levels 5S↑ and 3AS↓
which cross at θ ≈ 37◦ resulting in the conductivity ap-
proaching its maximum. The next conductivity maxi-
mum at θ ≈ 52◦ is due to crossing of the levels 5S↓ and
3AS↑. Similar curves for ν=14, 10 and 6 show the same
crossing angles. The minima at (ν=9, 11, 13, and 15) are
7associated with transitions between different subbands,
but with the same numbers of Landau levels and paral-
lel directions of spins. The magnetic field tilt affects the
amplitude of these minima very little, i.e., no level inter-
sections are observed in these cases and we assume that
anticrossings rather than crossings occur.
Our analysis has only one fitting parameter, namely g-
factor. The g-factor values determined by this procedure
were g = 12. However, if we consider the broadening of
levels in a magnetic field as [29]
∆ =
(
2
pi
~ωc
~
τq
)1/2
, (9)
where ωc is the cyclotron frequency in transverse mag-
netic field B⊥, and τq = 4 × 10−11 s is the quantum
relaxation time, determined for this sample in Ref. [8],
we obtain the g-factor g=9.
Figures 5 (a), (b), (c), and (d) demonstrate a reason-
ably good agreement between theory and experiment.
Some difference between experimental and theoretical an-
gles of intersection of Landau levels in tilted magnetic
fields is explained by an error in the determination of the
initial sample position (θ = 0◦) and also by not very ac-
curate determination of the dependence of the σ1 maxima
on the tilt angle. The obtained g-factor agrees with the
data available in the literature determined from transport
experiments in various n-type GaAs/AlGaAs structures,
see Ref. [30] and references therein.
V. CONCLUSION
In the high-mobility n-GaAs/AlGaAs structure with
a 75 nm-wide quantum well we observed a rich oscilla-
tions pattern corresponding to the integer and fractional
quantum Hall effect regimes. In this work we investi-
gated in detail oscillations of conductivity in magnetic
fields B⊥ = 0.5 . . . 1.5 T. Analysis of the oscillation min-
ima positions in a magnetic field shows that these oscil-
lations are caused by the two-subband electron spectrum
(S and AS subbands) formed due to electrostatic repul-
sion of electrons. In tilted fields a strong increase of the
conductivity leading to a disappearance of the minima
took place at some tilt angles different for different min-
ima. This effect is shown to be caused not by a variation
of ∆SAS with B‖ which is very weak in the studied struc-
ture but by crossings of the Landau levels from the S
and AS subbands. The developed theory demonstrates
that the crossings in the range B‖ = 0 . . . 1.5 T occur
due to different dependencies of cyclotron energies in the
subbands on the parallel field. Namely, the cyclotron en-
ergy in the S (AS) subband decreases (increases) when
B‖ rises. We estimated the value of the electron g-factor
by fitting theoretical dependences to experimental data.
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